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ABSTRACT

The planetary boundary layer (PBL) controls the exchange of momentum and energy between the ground
surface and the free troposphere, but few studies have been involved in the connection of the PBL with the
development and extinction of tropical cyclones (TCs). Studies on the PBL usually need high-resolution
soundings in the lowest troposphere that are otherwise quite rare with traditional technology. Here, 1-s
resolution L-band radiosonde data are acquired to study the variations in PBL characteristics associated with
the development of TCs in eastern China. The strong variations in the vertical profiles of temperature, relative
humidity, and wind speed in the PBL during the landfall of a TC are revealed. In addition, four typical
methods, including the virtual potential temperature method, Holzworth method, bulk Richardson number
method, and potential temperature gradient method, are applied to estimate the PBL height (PBLH). The
results indicate that the PBLHs derived by these methods vary by several hundred meters, which may be
related to their different definitions of kinetic or thermodynamic theories. Furthermore, the PBLH was found
to display a slight upward tendency during the landfall of TC.

1. Introduction

The planetary boundary layer (PBL), which is the
lowest level of the atmosphere, is directly influenced by
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the exchange of momentum, heat, and water vapor near
Earth’s surface. The time scale for atmospheric turbu-
lence is approximately an hour or less within the PBL,
which dominates the horizontal and vertical transport
of atmospheric components (Stull 1988; Powell 1990;
Kaimal and Finnigan 1995; Li et al. 2017). As a crucial
part of the places where a mature tropical cyclone (TC)
mainly occurs, the PBL and its characteristics are closely
related to the vertical distribution and transport of
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temperature, moisture, pressure, and wind (Shapiro
1983; Vickery et al. 2009; Cai et al. 2014), which affects
the development, intensification and extinction of storms
(Wang and Wu 2004, Rao and Prasad 2007; Smith and
Vogl 2008; Williams et al. 2013). Under the influence of
large-scale tropical cyclone cloud systems, the lack of
valid vertical atmospheric observation data often forces
us to resort to parameterization schemes to study the
characteristics of the PBL (Braun and Tao 2000; Hu et al.
2010). Among the various macrophysical processes, the
PBL of a TC plays a significant role in the upward transfer
of energy acquired from an ocean or land source.

A large number of pioneering studies indicate that the
PBL regulates the dynamic and thermal dynamic pro-
cesses in a mature TC, such as radial distribution of heat
(Rayhun et al. 2015), moisture (Tang and Tan 2007), and
angular momentum (Shapiro1983). During the landfall
of TC, Williams (2015) discovered the asymmetric PBL
wind structure, and the structure variation of the TC
PBL was complex and almost unmeasurable. Both ob-
servation and simulation studies (Tuleya 1994) have
implicated the loss of evaporation as the primary
mechanism that causes a TC to decay over land. In ad-
dition, the studies also identified a discontinuity in the
wind at the coast due to increased roughness. Howard
et al. (2004) used surface stations to identify an inverse
relationship between wind speed and distance from the
coast. Kepert (2002) analyzed 30 dropsondes released in
Hurricane Mitch (1998) and found that Mitch displayed
large asymmetries in the near eyewall region because
of the proximity of land (Schneider and Barnes 2005).
Powell (1987) found asymmetries in the surface wind field
of Hurricane Alicia (1983) during landfall in the Galveston
area. Studies of Hurricane Danny by Blackwell (2000)
revealed precipitation and wind maxima in the offshore
flow much like that seen in Alicia (1983). The proximity
of a large landmass generally increases the likelihood that
the TC develops more asymmetric kinematic and ther-
modynamic fields (Wu and Kuo 1999). Chen et al. (2004)
showed that the thickness of boundary layer of target ty-
phoon Vongfong (2014) was strongly increased when it
made landfall and this is became calmed down one day
after Vongfong made landfall. Most of tropical cyclones
approaching the mainland would decrease its intensity
aside from few typhoons aside from a few typhoons that
could increase its intensity if some mesoscale vortex
(MSV) merged into it. After carrying out the numerical
simulation of with and without the emergence of MSV,
Chen et al. (2004) exhibit that the MSV merged into a
typhoon plays an important role for the great decrease of
central pressure and intensifies the typhoon.

At present, the properties of a TC PBL still cannot be
fully resolved via subgrid-scale parameterization schemes
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alone in numerical simulation, even though they are
high-resolution models (Sateesh et al. 2017). Therefore,
it is of importance to understand how surface fluxes,
vertical mixing, and horizontal advection vary within
the PBL by altering numerical simulations. As such, we
can understand the limitations of current assumptions.
Therefore, a better understanding of the PBL structure
has become increasingly imperative and urgent in an ef-
fort toward better PBL parameterization schemes.

To quantify the characteristics of the PBL, one of the
most fundamental variables is the planetary boundary
layer height (PBLH), which is commonly used as an
important indicator in weather, climate, and air-quality
models. Previous studies have clearly illustrated that the
PBLH varies largely in time and space (Seidel et al.
2010; Guo et al. 2016; W. Zhang et al. 2016, 2018).
During a diurnal cycle, the PBLH is usually shallow at
midnight because of strong nocturnal thermodynamic
stability near the surface. Then, it begins to develop into
the convective boundary layer in the morning, reaches
several kilometers in the afternoon, and persists until
sunset, with a range that changes from several hundred
meters to one or two kilometers (Stull 1988; Guo et al.
2016). Traditionally, the PBLH can be determined from
different instruments, such as satellites (Leventidou
et al. 2013), sodars (Casasanta et al. 2014), and ground-
based lidar (Pal 2014). In past decades, radiosonde data
have been one of the most common data sources be-
cause of their wide station distribution and easy acces-
sibility around the world. Most of early studies on the
PBLH adopted the thermodynamic definition method,
where momentum fluxes with potential temperature
tended to be near zero at the top of the boundary layer
(Moss and Merceret1976). In numerical models, the
bulk Richardson number method (BRNM) has been
extensively used because of its reliability for all atmo-
spheric conditions (Anderson 2009). Based on the ver-
tical profiles of temperature, humidity, and wind speed,
Seidel et al. (2010) used seven methods to compute and
compare PBLHs from a 10-yr radiosonde datasets of
505 stations and showed that various methods could lead
to uncertainties of several hundred meters. However,
direct measurements within the PBL of a TC are scarce.
Despite emphasizing the importance of determining the
PBLH, there is still no agreement on PBLH estimates
of a TC. Typically, different methods usually reveal
different aspects of PBL characteristics, which lead to
PBLH differences. Although previous studies have
suggested that the thermodynamic PBL is mixed by
heating from the surface below, which is often identical
to the boundary layer (Kepert et al. 2016). Under-
standing the different aspect of PBLH, especially the
PBLH of a TC, is critical not only to the investigation of
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atmospheric structures and energy transmissions, but
also to the accurate forecasting of potential intensities and
risk reductions in severe weather. Therefore, understand-
ing the PBLH, especially the PBLH of a TC, is critical not
only to the investigation of atmospheric structures and
energy transmissions, but also to the accurate fore-
casting of potential intensities and risk reductions in
severe weather.

The PBLH has an enormous influence on the distri-
bution and concentration of aerosols and the transport
of water and air pollution between the surface and free
atmosphere (Seibert et al. 2000; Davies et al. 2007,
Barlow 2014). Although there are many works that have
been conducted on the structure and intensity of TCs,
studies on the TC PBL are still insufficient. One of the
primary reasons is that the TC PBL is completely dis-
tinct from the ordinary atmospheric PBL because of the
strong effect of the TC rotation on its dynamics
(Eliassen and Lystad 1977). Another reason is that ob-
servations near the center of TCs are rare, which leads to
TC PBLs receiving less attention than other aspects
of TCs. Previous radiosonde measurements in China
before 2007, which only provided a few records below
500 hPa at 0000 and 1200 UTC, had insufficient vertical
and temporal resolutions for PBLH estimates within an
acceptable level of uncertainty (Y. Zhang et al. 2018).
Moreover, the determination of the PBLH still has in-
complete agreement when different methods are used.

Therefore, the aim of this study is to exploit the
unique PBL characteristics and PBLH using relatively
high-temporal-resolution (1s) radiosonde datasets. We
first study the effect of the landfall of TC Chan-hom
on the variations in the temperature, moisture, and wind
field at four radiosonde stations (the Nanjing, Hangzhou,
Shanghai, and Hongjia stations) along the east coast area
of China. The atmospheric structure differences during,
before and after TC landfall are also compared. To study
the specific PBLH characteristics, four different methods,
including the virtual potential temperature method
(VPTM), Holzworth method (HM), BRNM, and po-
tential temperature gradient method (PTGM) will be
used to determine the PBLH. These methods generally
yield height estimations that differ by several hundred
meters. In addition, another five TCs (Meari, Damrey,
Hai-kui, Matmo, and Fung-wong) are analyzed to gain a
better understanding of the average PBLH during TC
landfall.

The rest of this paper proceeds as follows. In section
2, a description of the methodology used to calculate the
PBLH, a brief introduction of the six TCs and the
dataset used are given. Section 3 presents and dis-
cusses the observational results of the characteristics
of the PBL flux variations. The comparison results of
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the PBLHs calculated using four different methods to
obtain the average PBLH of six TCs are also presented.
In addition, a short summary is shown in section 4.

2. Dataset and methods
a. Description of the dataset

To obtain flux variations in the PBL, data from the
L-band sounding system via the China Meteorological
Administration (CMA) were selected. Detailed profiles
of the atmosphere at a 1-s resolution twice a day (0000
and 1200 UTC) are provided, including pressure,
temperature, relative humidity, wind speed, and wind
direction.

The characteristics of the PBL often vary with dy-
namic and thermodynamic processes in the atmosphere,
particularly during the time period of landfall or the
overpass of a TC. To understand the temporal variations
in the PBL, an 8-day period has been selected for each
TC, including the day when the TC made landfall, three
days before landfall and four days after landfall. For
example, sounding data for TC Chan-hom are collected
for the period 8-15 July 2015. Four radiosonde stations
(Nanjing, Shanghai, Hangzhou, and Hongjia) were
influenced by the TC cloud rainband along the east coast
of China. Figure 1 shows the locations of the four
aforementioned radiosonde stations, along with the
track of Chan-hom, from 0600 UTC 29 June to
0000 UTC 13 July 2015. The landfall times, locations,
and time periods for each TC were also presented. For
the convenience of research, we define the time when the
TC eye is located closest to Nanjing as the fourth day in
the following analyses.

To examine the tropical cyclone boundary layer
(TCBL) thermal structure, a dataset of the Atmospheric
Infrared Sounder (AIRS) was also used. AIRS was
launched into Earth orbit on the NASA Aqua mission
on 4 May 2002. It represents a breakthrough in infrared
space instrumentation and has 2378 infrared channels
in the range of 3.7-15.4 um with a nominal spectral
resolution of 1200. This high frequency of hyperspectral
soundings has been heralded as important in the study of
both severe weather prediction and climate monitoring
(Chahine et al. 2006). The temperature and water vapor
profile from the AIRS instrument on 10, 11, and 12 July
2015 at the landing point of TC Chan-hom are discussed
in section 3c.

b. PBLH estimation

This work applies several methods to determine the
PBLH, with radiosonde data with a 1-s temporal reso-
lution, and intercomparison analyses are performed.
First, the HM is widely used for the detection of PBLHs,
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FIG. 1. (a) The ground track derived from the Japan Meteorological Agency (JMA) for TC Chan-homand.
(b) The spatial distribution of the radiosonde stations at Nanjing, Shanghai, Hangzhou, and Hongjia (yellow dots)

and the landfall point of Chan-hom (red dot).

which takes advantage of radiosonde data. This layer,
which is adjacent to the ground, typically displays con-
siderable variation in its temperature structure and
depth. It is commonly used to characterize the vertical
extent of mixing within the PBL. The HM assumes that
advection, descending motion, mechanical turbulence,
and other microscale effects are relatively small in
comparison to the contribution from diurnal tempera-
ture differences (Holzworth 1964). And the HM method
is probably not reliable for the TCs in the open ocean
because of the strong advection. The thermodynamic
effects from the ocean surface were also smaller com-
pared to the dynamic effect. One can identify a height
where a parcel of dry air is released adiabatically from
the surface and reaches equilibrium with its environ-
ment. The PBLH is determined from the intersection
between the dry adiabatic curve (starting from the
maximum surface temperature collected from the me-
teorological station) and the temperature profiles, which
is measured by a microwave radiometer (Granados-
Munoz et al. 2012). The second common method is the
VPTM, which determines the height where the virtual
potential temperature increases by 0.5 K from its mean
value in the lowest 150 m (Anthes and Chang 1978; Ming
et al. 2014)

A traditional approach to estimate the PBLH in nu-
merical weather simulations is to use a threshold value
for the bulk Richardson number Ri, throughout the
whole PBL (Hanna 1969; Vogelezang and Holtslag
1996). For many years, this approach has been widely
used to determine the PBLH in parameterization
schemes and observation studies (Noh et al. 2003;

Bender et al. 2007; Shin and Hong 2011). The Ri, is
commonly defined as

s g/ev()(guz B ev())
Ri, = Tt M
where g represents the acceleration of gravity; z repre-
sents the height above the ground; 6,, and 6, represent
the virtual potential temperature at z and the ground
surface, respectively; u, and v, are the horizontal and
vertical components of the wind at z, respectively. The
BRNM defines that the PBLH is the height where the
Ri, reaches a threshold value (Rip,).

The PTGM adopts the level of the maximum vertical
gradient for potential temperature (®) as the PBLH
(Sorbjan 1989; Oke 2002; Nieuwstadt 2005), which is
indicative of a transition from a convective region to a
more stable region. Because of the lack of continuous
potential temperature data, we substitute the central
difference (6,+1 — 0,—1)/AZ for 96/dZ in this study. To
avoid invalid data, the results are discarded if the PBLH
is found to be greater than 3000m by all of these
methods.

¢. Introduction of six TCs

Six TCs, including Meari, Damrey, Hai-kui, Matmo,
Fung-wong, and Chan-hom (Fig. 2), are selected to ex-
plore the characteristic variations in the PBL during
their landfalls. All of these TCs have the closest distance
to Nanjing when the TC is in the developing stage. The
closest distances from the typhoon eyes of the six TCs
to Nanjing are 554.591 km for Meari, 303.88 km for
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FIG. 2. The tracks of the six TCs (i.e., Meari, Damrey, Hai-kui,
Matmo, Fung-wong, and Chan-hom) that had great impacts on the
Nanjing station from 2012 to 2015.

Damrey, 175.50km for Hai-Kui, 11.50km for Matmo,
298.79 km for Fung-wong, and 415.46 km for Chan-hom.
Detailed information about the stations is shown in
Table 1. Other information on the 6 TCs is shown in
Table 2.

The JMA issued the ground track for Chan-hom from
0600 UTC 29 June to 0000 UTC 13 July. All of the data
include 6-hourly estimates (0000, 0600, 1200, and
1800 UTC) of the TC location, the wind radius, and TC
intensity. During TC landfall, intensive observations are
conducted every three hours (e.g., 0000, 0300, 0600,
0900, 1200, 1500, 1800, and 2100 UTC).

TC Chan-hom developed from a westerly wind burst
in late June in the Southern Hemisphere. At 0600 UTC
29 June 2015, the JMA classified it as a tropical de-
pression that moved steadily to the west. The system
turned to the northeast on 3 July 2015. Later that day,
the broad circulation veered northwest. On 7 July 2015,
Chan-hom hit the Philippines. Later, on 9 July 2015, the
typhoon passed through the islands of Okinawa and
Miyako-jimain Japan, and Chan-hom reached its peak
intensity, with maximum sustained winds of 165 km h™!
and a barometric pressure of 935hPa according to
the JMA; it gradually weakened before landing in
Zhoushan (Zhejiang Province) (29.53°N, 122.14°E) at
approximately 0840 UTC 11 July 2015. After landfall,
Chan-hom was expected to turn northeast moving over
the Yellow Sea, and it dissipated after moving over the
Korean Peninsula (Liang et al. 2016; Xu et al. 2016).
Chan-hom was a large, powerful, and long-lived tropical
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TABLE 1. The IDs, locations (lat and lon), and altitudes of
the Nanjing, Shanghai, Hangzhou, and Hongjia stations across
East China

Station Nanjing Shanghai  Hangzhou  Hongjia
ID 58238 58362 58457 58665
Location 32.00°N, 31.40°N, 30.23°N, 28.37°N,

118.80°E  121.45°E 120.17°E 121.25°E
Altitude (m) 7.1 5.5 41.7 5

cyclone that affected most cities along the east coast
areas of China. Throughout Zhejiang, Chan-hom ruined
700 houses. In the neighboring Jiangsu Province, there
were approximately 300 houses that were damaged and
destroyed, causing 120 million yuan in economic losses.

3. Results
a. Variations in PBL flux

As we discussed above, the PBLH is usually less than
a height of 2km. Therefore, in order to discover the
temporal and spatial variations in the PBL, all fluxes,
including temperature, relative humidity, and wind speed,
under 5000 m are discussed in this paper. Figure 1a shows
that TC Chan-hom affected the Hongjia, Hangzhou,
Shanghai, and Nanjing stations at 0000 UTC 11 July 2015.
In addition, the Shanghai station was closer to the center
of the TC, and the variation characteristics of the PBL
there were more significant than those at the Nanjing
station.

As shown in Fig. 3, before the landfall of Chan-hom,
no extremely high temperatures were observed at low
levels at the four stations. Above 2000 m, the tempera-
ture was lower than 288K and continually decreased
with increasing height (see Figs. 3a,d,g,j). On 8 and
9 July 2015, the temperature slowly reached 295K
under a height of 500m. The Chan-hom resulted in a
sharp decrease in surface temperature throughout the
four stations, with the most significant changes occurring
in the height ranges of 0 to 2000 m. With the landfall of
the TC, the atmospheric temperature of this layer de-
creased approximately 34 K on 11 July at the Hangzhou,
Nanjing, and Shanghai stations. This phenomenon
occurred sooner (10 July 2015) at the Hongjia station.
After 12 July 2015, the extremely hot weather led to
temperatures that increased quickly. Near the surface,
several appeared, and the temperature throughout the
whole layer temperature had increased.

The temporal variations in relative humidity
(Figs. 3b,e,h,k) showed that the TC landfall brought
plenty of moisture into the lower atmosphere from the
ocean toward inland regions. Although thunderstorms
could have affected the distribution of moisture for a
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TABLE 2. The landfall times, locations, and time periods for each TC: Meari, Damrey, Hai-kui, Matmo, Fung-wong, and Chan-hom.

The date with nearest

TC Duration distance to Nanjing Research scope Year
Meari 20-27 Jun 25 Jun 22-29 Jun 2011
Damrey 27 Jul-4 Aug 2 Aug 30 Jul-6 Aug 2012
Hai-kui 1-11 Aug 9 Aug 6-13 Aug 2012
Matmo 16-26 Jul 24 Jul 21-28 Jul 2014
Fung-wong 17-25 Sep 23 Sep 20-27 Sep 2014
Chan-hom 29 Jun-13 Jul 11 Jul 8-15 Jul 2015

short time period before 11 July, the relative humidity
decreased sharply at 2000m at the Nanjing, Shanghai
and Hangzhou stations. At the Hongjia station, the de-
crease was not so obvious, but it also dropped from 90%
to 70% between 1000 and 3000 m. Compared to the days
after 12 July, we discovered that the relative humidity
could reach up to 90% when influenced by Chan-hom
from the surface to 5000 m. However, with increased of
time and temperature, the relative humidity gradually
declined and became lower than 30% above 3000m in
some places. The high ambient humidity appeared only
under 1000 m near the surface.

In contrast with temperature (K), the relative humidity
and wind speed exhibited more obvious variations
(Figs. 3cf,i,1). Nanjing station was less affected among
the 4 stations since it is furthest from the TC center. Late
on 10 July 2015, the wind in Nanjing increased quickly
above 500m, and the maximum wind velocity reached
up to25ms'. However, at the Shanghai and Hangzhou
stations, the velocity at this height surpassed 30ms™ .
Hongjia station was most affected by the TC, with winds
that maintained persistent high speeds (30ms™ ') on
10 and 11 July 2015.

For the meteorological element profiles of multiple
TCs, Fig. 4 illustrates the average states of the temper-
ature, relative humidity, and wind speed profiles. By
comparing them to a single case of a TC, the average
state eliminated the effect of other weather process and
some instability problems. To facilitate the comparison,
we chose ““0” on the x axis as the day with the nearest
distance to Nanjing for the 6 TCs. The temperature
profiles showed smooth changes on that day. In all levels
between 0 and 5000m, the temperature slightly de-
creased by 2-3K and soon increased during the next
day. Two days after the TCs had passed, the tempera-
tures became closer to those before the TC. The relative
humidity above 2000 m before landfall was less than
50%, and it dropped to 20% near 5000m. The TCs
brought a vast quantity of water vapor from the deep
ocean. Therefore, the relative humidity in the PBL in-
creased to 90% between 0 and 2000 m and to 70% above
2000 m on that day. The characteristics of the low-level
wind during this time period were also very obvious. In

this study, we focus on the PBLH estimate, and we
would like to investigate such influences on the wind
fields in details for the different storms or TCs in the
next study. The speed improved greatly one day before
TC landfall, and the high-speed winds lasted one and
half days. The average speed was 15ms ™!, which was
much lower than the speed of a single TC. In summary,
the variability in the three parameters for the 6 com-
bined TCs were not as obvious as those for a single TC,
but the main variation features are all presented in
Fig. 4.

b. PBLH estimation

The PBLH of a TC is closely related to the distance to
the TC eye. We first calculated the distances between
the TC centers and the four stations. Based on the best
track data from the JMA, Fig. 5a shows that the shortest
distances for each station were 165.15 km from Hongjia
at 0000 UTC, 237.57 km from Hangzhou at 0600 UTC,
171.55km away from Shanghai at 1200 UTC, and
414.58 km from Nanjing at 1800 UTC on 10 July 2015.

Kepert (2001) confirmed that the inward advection of
angular momentum produces a boundary layer jet and
this boundary layer jet is maintained primarily by vertical
advection. In addition, a linear analytical model sug-
gested that the jet height could be defined by (2K/I)'?,
where K represents the turbulent diffusivity and [ rep-
resents the inertial stability (Kepert 2001). Therefore, the
shorter the distance to the core of a TC is, the lower the
PBLH. The PBLH is typically several hundreds of meters
inside of the cyclone core and increases as the radius of
the TC increases.

The PBLH calculated by this method was closely re-
lated to the distance in Fig. 5b. Although the PBLH
at the Hongjia station on 10 July was missing, the height
results matched well with the linear analytical model.
On one hand, the PBLH calculated by the HM is
shallower than the height calculated by the BRNM. On
the other hand, the linear model verified that the closer
distance to the TC center, the lower PBLH it will be. The
change trend of PBLH in Fig. 5b is in contrast with the
result by the other method. On the date of landfall,
the PBLH in Shanghai and Hangzhou is higher than that
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FIG. 3. The profiles of temperature (K), relative humidity (%), and wind speed (ms ™) at the (a)~(c) Hangzhou (d)~(f) Nanjing, (g)~(i) Shanghai,
and (j)—(1) Hongjia stations from 8 Jul to 15 Jul 2015. The horizontal axis represents the time, and the vertical axis represents the height (m).

in Nanjing and Hongjia station. We will emphasize the increased significantly with the increase in temperature.
conclusion again in this part. The general trends at the  With the movement of Chan-hom, the farthest station
four stations showed that the PBLH always decreased to  (Nanjing) had the highest PBLH (701.98 m), and the
lower than 800 m under the influence of a TC and then Shanghai station had the lowest PBLH (282.64m) of
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FIG. 4. The average profiles of (a) temperature (K), (b) relative humidity (%), and (c) wind speed (m s~ ') at the Nanjing station during
the landfalls of six TCs. The y axis represents the detection height, and the x axis represents the temporal deviation between the detected
and nearest distances to the Nanjing station.

the four stations. For the Hangzhou station, the height produced by the VPTM showed a shallower height
was 473.33m on 11 July. Because the Hongjia sta- compared to the other methods from 8 to 15 July. At the
tion was influenced by Chan-hom early on 10 July, the same time, the diurnal cycle characteristics of the PBLH
PBLH was 76.72m, and it was much lower than those of became dramatic with the height fluctuations every day.
the other three stations. The maximum of PBLHs from 12 The PBLHs at the Nanjing station were mostly below
to 14 July were 1897.51, 1798.30, 1282.71, and 1244.75m at 600 m, except at 0600 UTC 10 July. At 0600 UTC [1400
the Hangzhou, Nanjing, Shanghai, and Hongjia stations, Beijing time (BJT)] 10 and 11 July, the temperature
respectively. This indicated that the increase in tem- reached a peak during a day, which may have enhanced
perature near the surface could adequately mix up the thermodynamic process of the boundary layer. At
the atmosphere at low levels, thereby increasing the 0600 UTC 11 July, two hours before the TC landed, the
PBLH during this period. By comparing the distance PBL heights were 382, 668, 224, and 810 m at the Hangzhou,
and the PBLH, we discovered that the results pro- Nanjing, Shanghai, and Hongjia stations, respectively.
duced by the HM indicated that there were more em- When the temperature was recovered on 13 July, the
phasis on the influence on surface temperature and PBLHs at these stations decreased by at least 200 m.
vertical transport. In addition, the height produced by When calculating the PBLH via the BRNM, a Rip,
this method did not violate the theory (Kepert 2001) that  should be confirmed properly. Previous research has
the PBLH decreases with the increase in distance from the  suggested that the value of Ri,. usually varies from 0.15
TC eye. to 1.0 (Flamant et al. 1997; Zilitinkevich and Baklanov
By utilizing the VPTM, the PBLH can be calculated 2002; Dai et al. 2014) according to different boundary
twice a day at 0000 and 1200 UTC (Fig. 6). The results layer conditions, such as strongly stable boundary layers,
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FIG. 5. (a) The temporal variations in distance from the TC eye to the Nanjing, Shanghai, Hangzhou, and Hongjia
stations from 8 Jul to 13 Jul 2015, and (b) their corresponding PBLHs calculated from radiosonde measurements at
0000 UTC from 8 Jul to 15 Jul 2015, using the Holzworth method (HM).
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to 15 Jul 2015, using the virtual potential temperature method
(VPTM).

weakly stable boundary layers, and unstable boundary
layers. The mostly widely used range of Riy is from 0.25
to 0.5 (Zhang et al. 2011; Kepert 2012). It has also been
proposed that the optimal value of Ri, increases with the
PBL and becomes increasingly unstable (Zhang et al.
2011; Kepert 2012); Ri, values of 0.24, 0.31, and 0.39 are
found to work for strongly stable layer, weakly stable
layer and unstable layer conditions, respectively. In this
study, the data were collected during the TC landfall
period, which occurred under unstable boundary layer
conditions; thus, a threshold of 0.39 is selected, and Ri,
values of 0.25 and 0.5 are also discussed.

Figure 7b indicates an increasing trend in the PBLH
via the VRTM when the TC makes landfall, which is
different from the changing trend in the PBLH produced
by the HM. This will be discussed at the end of this sec-
tion. Before landfall, the PBLHs were all less than
1000 m. Because of an earlier landfall by Chan-hom at the
Hongjia station, the maximum PBLH first occurred at
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this station. On 9 July, the PBLH above the Hongjia
station increased sharply to 997 m at 1200 UTC and kept
growing until 11 July. The maximum PBLH at this sta-
tion was 1981 m at 1800 UTC 10 July. Hangzhou station
was the second-most influenced station by Chan-hom,
and the PBLH of this station reached up to a maximum
of 1490 m at 0600 UTC 10 July. For the Shanghai and
Nanjing stations, their PBLHs both began to increase on
10 July and had peak values on 11 July. Furthermore, the
PBLH at the Nanjing station was higher than those at
the Shanghai and Hangzhou stations. This is also con-
sistent with the relationship among the PBLH, turbulent
diffusivity, and inertial stability. With the increase in
temperature after 12 July, the PBLHs at all stations fell
abruptly to less than 1000 m.

By comparing Figs. 7a—c, we discovered that the
PBLH could be impacted by the selection of the Rij.
When the threshold value was enhanced, the PBLH
became bigger. As depicted in the figure, we adjusted
the Ri, from 0.25 to 0.39 and then 0.5, and the PBLH
only improved slightly before and after the TC landfall.
For example, at 1200 UTC on July 8, the PBLHs over
the Shanghai station were 450, 568, and 631 m based on
different Ri,. values of 0.25, 0.39, and 0.5, respectively.
In addition, at 0000 UTC 15 July, the PBLHs were 337,
385, and 395 m, respectively. However, within the time
period of the Chan-hom landfall, the sensitivity test
suggested a more obvious increase in the PBLH. At the
Hangzhou station, the PBLH increased from 1386 to
1645m and then 1835m with an increase in Ri,. at
1200 UTC 10 July. In addition, the same situation was
also found at 1800 UTC 10 July at the Hongjia station
(e.g., the PBLH increased from 1100 to 1981 m and then
2216 m). In conclusion, under typical weather condi-
tions, the increase in Ri,, increased the PBLH within
several decameters, while under extremely unstable
conditions, the increase in Ri,. could cause deviations
of several hundred meters. This apparent feature illus-
trates that a qualifying and reliable value of Ri,, is
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FIG. 7. The PBLH calculated by the bulk Richardson number method (BRNM) for different threshold values: (a) Riy. = 0.25, (b) Rip. =
0.39, and (c) Rip. = 0.5.
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essential in the determination of the PBLH, especially
under unstable TC conditions. When the thermal strat-
ification structures occur in the TC, it will affect the
estimate of the TCBL height from the HM, PTGM, and
VPTM. Figure 8 gives the TCBL height calculated from
the different methods. As we can see, the TCBL height
from the BRNM is larger than other thermal-dynamic
results on 11 July, which is consistent with the previous
results (Zhang et al. 2011).

The characteristics of the variation trends were similar
to those of a single TC. For the HM, the average height
decreased slightly to 656.87 m when the TC made land-
fall and soon increased during the following day. The
minimum PBLH was slightly higher than that of the
single TC Chan-hom. For the VPTM, the average height
fluctuated near 400 m throughout the entire period. On
the day of TC landfall, no obvious PBLH variations
were found. However, the PBLH from the BRNM in-
creased quickly on the day of TC landfall. The maximum
PBLH could reach up to 858.45m. The average PBLH
for both the HM and BRNM was approximately 600 m.
From the average PBLH produced by the three
methods, there were obvious fluctuations during the day
and night periods. The PBLH during the daytime was
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approximately 200-300m higher than that at night.
When the TC made landfall, the PBLH elevated slightly.

It can be seen from Fig. 9 that for the HM, VPTM, and
the BRNM, many aberrant points were judged, espe-
cially in the BRNM. However, the upward tendencies
of the PBLH for the BRNM and VPTM were obvious.
In Fig. 9d, the PBLHs were similar before and after TC
landfall. The PBLH range was between 100 and 1500 m,
and the 25th and 75th percentiles were from approximately
300 to 1000 m, except for two days after TC landfall. The
maximum heights during this time were all above 1000 m,
and the minimum heights were below 250 m. In addition,
the general tendency integrated by all methods indicated
that the PBLH would increase 200-300m when the TC
made landfall.

c. A case study

We selected the results of the Shanghai station as
the case study, and the PTGM is introduced. Figure 10
illustrates that a disagreement exists among the four
methods, and they generally yielded heights that dif-
fered by several hundred meters. Detailed heights via
the four methods are shown in Table 3.

In most cases, the VPTM produced the lowest heights
compared to those from the other three methods. If
there was no special weather process, the results of the
BRNM and VPTM were similar. For example, on 8 July,
the PBL heights from the BRNM and VPTM methods
were 581.00 and 534 m then 387.00 and 337 m on 15 July,
respectively. On 10 and 11 July, the differences among
the four methods became more obvious.

For the HM, the definition considers the PBL to be a
thermodynamical layer, where the potential tempera-
ture and specific humidity are nearly invariant with
height. But the top of this layer is thus a little different
distinct from the top of the boundary layer in tropical
cyclones. Based on the measurements of temperature,
potential temperature, virtual potential temperature,
relative humidity, specific humidity, and refractivity
profiles, Seidel et al. (2010) compared the PBLHs from
seven typical methods. It was found that the PBLHs
calculated by the virtual potential temperature were
always lower than and poorly correlated with the
PBLHs from other methods. And this is to be expected
since there is a layer of marked thermal stability near the
top of the inflow layer in a TC and thus the thermody-
namic definition of the TCBL height is usually about
half of that generated a dynamical definition. For the
BRNM, the turbulent wind shear effect on the PBL is
relatively high and thus cannot be neglected, which is
classified as the dynamic boundary layer. In addition,
the TC PBL could be affected by storm motion and
the topography of the coastal region during landfall. It
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has been confirmed by previous observations that
the maximum winds should always be to the front-
right quadrant of the storm motion vector (Matyas
2010). Therefore, the PBLH calculated by the BRNM
usually shows an upward tendency during the TC
landfall, and when the station lies in the front-right
quadrant of forward motion this effect could become
more obvious. Therefore, the landfall of a TC makes
the dynamic process more easily stand out compared
to the dynamic process under ordinary atmospheric
conditions when the thermodynamic vertical mixing
process plays a leading role. Under continuously high-
temperature weather conditions, the mixing layer ac-
tively develops.

As Kepert et al. (2016) mentioned, the top of the
tropical cyclone boundary layer may be diagnosed by 1)
the top of the layer of strong frictional inflow and/or 2)
the top of the “well mixed’’ layer based on a constant of
potential temperature. However, the observations show
that these two definitions may give different results in
practice, with the inflow layer being roughly twice the
depth of the layer of nearly constant potential temper-
ature (Zhang et al. 2011). The results suggest that using
the traditional critical Richardson number method to
determine the boundary layer height may not accurately

reproduce the height scale of the hurricane boundary
layer. Kepert et al. (2016) showed that the top of the
inflow layer is a better proxy for the top of the boundary
layer but it is not without limitations. The different
height scales reveal the complexity of the hurricane
boundary layer structure. Because of the adiabatic ef-
fects and horizontal advection, the vertical distribution
of temperature is strongly influenced by moist processes
(Kepert et al. 2016). The increase of the water vapor
could lead to the increases in temperature and the
thermodynamic became more obvious.

To our best knowledge, the thermal structure of the
TCBL is quite complex. To illustrate the effect of each
layer, the temperature and water vapor profiles before
(10 July), during (11 July), and after (12 July) the
landfall of TC Chan-hom (2015) were also presented
here from AIRS data (see Fig. 11). On the date of
11 July 2015, the landfall of the TC brought a large
amount of the water vapor to the land and made the
temperature in the lower troposphere increase. However,
because of lack of the observation data, the characteristics
are not so obvious.

Accordingly, each method is governed by different
process in the PBL, and some of them are not directly
connected to what we usually call boundary layer dynamics.
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TABLE 3. The PBLH (m) calculated by the HM, BRNM, VPTM,
and PTGM for the Shanghai station from 8 to 15 Jul at 0000 UTC.

HM BRNM VPTM PTGM
8 Jul 938.38 581.00 534.00 1890.00
9 Jul 815.43 367.00 303.00 481.00
10 Jul 544.80 602.00 381.00 484.00
11 Jul 282.64 1367.00 408.00 832.00
12 Jul 651.49 982.00 266.00 995.00
13 Jul 1225.26 396.00 216.00 221.00
14 Jul 1282.71 122.00 151.00 1734.00
15 Jul 815.42 387.00 337.00 606.00

Depending on the different circumstances and focuses,
an appropriate method should be selected. When a TC
makes landfall in East China, we should not only em-
phasize the temperature but the momentum and hu-
midity as well. The BRNM is more suitable for PBL
estimations because of the strong dynamic process during
TC landfall compared to the HM.

The TCBL height should be determined primarily by
dynamical considerations, which is different than the
PBL in general. The multiple types of observations
revealed the different aspects of the PBL characteristics
leading to inevitable PBL differences. In addition, the
multiple types of observations revealed the different
aspects of the PBL characteristics leading to inevitable
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PBL differences. Even for a single data source, the dif-
ferent methods tend to estimate the PBLH with a wide
range of results.

According to the calculation of the typhoon center
path (Fig. 1), it can be seen that on 11 July 2015, Hongjia
station is the closest to the typhoon center and shows the
highest wind speed as seen in Fig. 3. The numerical
simulations by Huang (2018) also indicate that the winds
show strongest around the Hongjia station, which is
consistent with our observation. In addition, the ty-
phoon track shows a dramatic change from the land to
the eastern sea after landfall. Meanwhile, in the coastal
area around the typhoon’s landfall, the local topography
shows relatively higher elevations at Hongjia surrounding
than the one at Shanghai surrounding (Shi and Huang
2015). Therefore, the wind speeds at the radiosonde
stations are affected by their distances from the typhoon
center, local topography, and the typhoon track, which
subsequently affect the PBL height calculated from the
bulk Richardson number method. As demonstrated in
Fig. 7, the PBL height is highest at Hongjia station
during the typhoon landfall on 11 July because of its
strongest winds. On the other hand, previous observa-
tions indicate that the maximum winds are located in the
front-right quadrant of the storm motion vector (Matyas
2010). Therefore, the PBL height calculated by the
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FIG. 11. The temperature and water vapor profile from the AIRS instrument on 10-12 Jul 2015 at the landing point
of TC Chan-hom.
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BRNM usually shows an obvious upward tendency
during the TC landfall. Therefore, the landfall of a TC
makes the dynamic process more easily stand out com-
pared to that under ordinary atmospheric conditions
when the thermodynamic vertical mixing process plays a
leading role.

4. Conclusions

The general PBL characteristics during the TC land-
fall period have been discussed in this paper using
L-band high-spatial-resolution radiosonde datasets
from the Shanghai, Nanjing, Hangzhou, and Hongjia
stations from 8 to 15 July 2015. We analyzed the varia-
tions in temperature, relative humidity and wind speed
when TC Chan-hom made landfall and the PBLH via
4 different methods. The temperatures all decreased 3—
4K on 11 and 12 July under 2000 m at the four stations.
The landfall of Chan-hom also brought plenty of mois-
ture, especially at the 1000-3000-m levels. The most
obvious change was the sharp increase in wind speed. At
the Hongjia station, the speed reached up to 30ms™ .
Nanjing was the farthest station from the TC center
compared to the other three stations, and the speed also
showed apparent increases. Therefore, the landfall of a
TC changes the lower level of atmospheric elements and
leads to transitory changes in the PBL structure.

We used several methods (HM, PTGM, BRNM, and
VPTM) to calculate the PBLH from 8 to 15 July. Based
on the linear model, the PBLH decreases close to the
center core and the results are consistent with theory.
Because of the different physical mechanisms of the four
methods, their results show some discrepancies. For the
HM, the PBL height showed a significant decrease when
the TC approached, which might be because only the
extent of vertical mixing was considered. In other words,
the HM is influenced by the ground surface temperature
and thermodynamic processes. For the BRNM and
VPTM, they both showed an upward tendency for the
PBL height during TC landfall. Meanwhile, the PBLH
was closely related to the selection of Ri,.. The unstable
atmospheric structure always causes the PBLH varia-
tion to be more sensitive to increasing values of Rip,.
The importance of horizontal mixing during atmospheric
dispersion and the dynamic process are emphasized in the
BRNM. Therefore, it helps us understand the diversity of
the results. The results of the PTGM were also compared,
and they varied by several hundred meters. Overall, the
different methods may depict the various characteristics
of the PBLH, and they should be applied to different
weather conditions selectively. In this study, we dis-
covered that PBLH calculated by different methods was
different because the different physical mechanisms of
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the four methods show some discrepancies. The liner
theory of Kepert reflected the dynamic process in the
boundary layer (Kepert and Wang 2001). We also chose
another five TCs to explore the average PBLH calcu-
lated by the different methods. The results for temper-
ature, relative humidity, and wind speed showed that
more TCs would eliminate random errors caused by
other weather processes. Although their average value
changes were smooth in comparison to a single TC, the
characteristics of the vertical meteorological elements still
appeared in the mean state. The average PBLH variation
tendency from each method was similar to that for the
single TC, but the diurnal variation became more obvious.
When we calculated the average PBLH via all methods,
the PBLH increased slightly under the influence of a TC.
Overall, the PBLH exhibited large variability during the
period of TC landfall, ranging from less than 250 m to
greater than 1500 m.

However, there were not enough high-temporal-
resolution observation data available; therefore, the
temporal variation in the PBL cannot be explicitly
characterized during the TC period. The present work
provides us with the PBLHs calculated using different
methods based on a radiosonde dataset, which shows
great discrepancies. The influential factors for this dis-
crepancy are worthy of more detailed studies in the fu-
ture by combining a convection-permitting model with
radiosonde measurements at shorter time intervals (i.e.,
1- and 3-h time intervals).
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